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Rotator cuff tendon repair in humans is a commonly performed procedure aimed at restoring
the tendon-bone interface. Despite significant innovation of surgical techniques and suture
anchor implants, only 60% of repairs heal successfully. One strategy to enhance repair is
the use of bioactive sutures that provide the native tendon with biophysical cues for healing.
We investigated the tissue response to a multifilament electrospun polydioxanone (PDO)
suture in a sheep tendon injury model characterised by a natural history of failure of healing.
Methodology and results
Eight skeletally mature English Mule sheep underwent repair with electrospun sutures.
Monofilament sutures were used as a control. Three months after surgery, all tendon repairs
healed, without systemic features of inflammation, signs of tumour or infection at necropsy.
A mild local inflammatory reaction was seen. On histology the electrospun sutures were
densely infiltrated with predominantly tendon fibroblast-like cells. In comparison, no cellular
infiltration was observed in the control suture. Neovascularisation was observed within the
electrospun suture, whilst none was seen in the control. Foreign body giant cells were rarely
seen with either sutures.
Conclusion
This study demonstrates that a tissue response can be induced in tendon with a multifila-
ment electrospun suture with no safety concerns.
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Introduction
The prevalence of rotator cuff tendon tears is common (30%) in individuals over 60 years old
[1]. Many are asymptomatic however, some become painful, with resulting loss of function,
and may require surgical repair [2]. Over 17,500 rotator cuff repairs were performed between
March 2015 and March 2016 in the National Health Service (NHS) in the United Kingdom
[3]. Traditionally, rotator cuff repairs were performed via an open approach, using sutures
grasping the tendon edge, passed through bone tunnels in the greater tuberosity, and secured
with knots [4]. With improved understanding of the biomechanical environment and tear pat-
terns, surgeons now employ a number of newer implant options and repair constructs, to help
drive the best possible anatomical reconstruction of the tendon-to-bone interface [5–9].
Despite these advances, healing of the tendon to the bony footprint occurs in only 60% of cuff
repairs and is influenced by age and tear size [10]. Compared to non-healed repairs, healed
rotator cuff tendon repairs provide superior clinical improvement in patient reported out-
comes [11,12].
Most surgeons opt for a combination of suture anchors, preloaded with sutures that are
passed through the tendon. These can either be tied down (knotted repair), or hold the tendon
in place without the need for knots (knotless repair) [13]. Some surgeons prefer to use a “dou-
ble row” technique whereby the medial part of the tendon is attached with suture anchors to
the medial part of the footprint and the free tendon edge is attached to the lateral part of the
footprint using a second, lateral, row of anchors [5]. This double row technique can be linked
to the medial row or unlinked, knotted or knotless, or a combination [13]. This evolution in
surgical techniques and suture anchor technology has been accompanied by innovation in
sutures used in rotator cuff repair. Generally, sutures used in rotator cuff repair are non-
absorbable, braided, and much stronger than the native tendon [14, 15]. Recent innovations
include suture tape, which has a wider surface area to better compress the tendon to the bony
footprint [16]. Despite the aforementioned advances in techniques and implants, many of
which have superior mechanical properties in a laboratory setting [17–20], clinically signifi-
cant improvements to patient reported outcomes, or superior radiological healing rates, have
not been demonstrated [21–23].
The location of failure following cuff repair can be at the anchor-bone interface, the ten-
don-suture interface (Type 1 failure), or from a recurrent tear, medial to the original repair
(Type 2 failure) [24, 25]. The commonest mode of failure is from ‘cheese wiring’ of the suture
through the repaired tendon. Whilst this has been reduced in biomechanical studies by using
braided sutures to increase the coefficient of friction [16, 19, 26], the native tendon remains
the vulnerable link. Currently, sutures used in rotator cuff repair are inert structures of syn-
thetic material. They confer no favourable advantages to the native tendon other than mechan-
ical ones, helping transfer load from the muscle to the bone, and providing compression of the
healing tendon to the bone. This highlights the requirement for the development of bioactive
sutures that are supporting the biological repair process of tissues. In particular, we hypothe-
sise that it is possible to design new sutures with appropriate biophysical cues that positively
influence tendon healing.
To create these biophysical cues in the suture material for tendon repair, aligned submicron
fibres produced by electrospinning have shown promises [27–30]. These have the particularity
of physically mimicking the native extracellular matrix structure and, as a consequence, of
encouraging cell attachment, proliferation and differentiation (hence the term biophysical
cues). We previously presented a method to produce continuous submicron electrospun (ES)
polydioxanone (PDO) filaments, which can then be assembled into multifilament yarns serv-
ing as sutures. We showed a favourable cellular response in vitro and, following implantation
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in a rodent infraspinatus repair model, we demonstrated fibroblast infiltration and a transient
foreign body giant cell (FBGC) response [28].
The aims of the current study were to investigate if the PDO electrospun suture could safely
induce a positive tissue response and enable tendon repair in a surgical non-healing large ani-
mal model.
Materials and methods
Electrospun (ES) suture manufacture and characterisation
The ES sutures were produced in a similar manner as previously published [28]. Each step is
briefly described in the following sections.
Preparation of the electrospinning solution
Polydioxanone (PDO, 1.5–2.2 dl/g, Evonik, Essen, Germany) was dissolved into
1,1,1,3,3,3-hexafluoroisopropanol (HFIP 99.9% purity, Halocarbon Products Corporation,
Atlanta, GA, USA) at concentrations of 11% (weight to volume ratio). The solutions were agi-
tated at room temperature on a roller for at least 24 hours prior to use to allow for complete
dissolution of the polymer granules.
Electrospinning filaments
Electrospinning was performed in an enclosed container using a single nozzle high voltage
power supply system (30 kV, SL30P30/230, Spellman, West Sussex, UK) and a syringe pump
(World Precision Instruments Limited, Florida, US). Filaments were produced by using a thin
stainless steel wire (100 μm in diameter, Goodfellow, Huntingdon, UK) as a collector. The
wire was moved underneath the nozzle at a speed of 0.5 mm/s with a bespoke winding unit.
The distance between the nozzle and the wire was 20 cm, and the average voltage applied was
6.5–7.3 kV. Electrospun filaments were then continuously wound up onto a motorised fila-
ment spool, separating them from the wire collector.
Filament drawing and multifilament assembly
The collected electrospun filaments were drawn manually to produce stretched filaments.
These were then twisted into a plied yarn in the “S” direction, using 5 filaments per ply. Cord
yarns were then produced by twisting 7 plied yarns together in the “Z” direction. A twist ratio
of 2:1 (S:Z) turns per meter was maintained throughout all samples.
Annealing and sterilisation
Cord yarns were annealed at 65 oC for 3 hours and cut to size (approximately 30 cm) to obtain
the ES suture. All samples were stored in a desiccator at room temperature until implantation.
Prior to implantation, sutures were sterilised by 70% ethanol for 6 hours.
Scanning electron microscopy (SEM)
Samples were analysed, after gold coating using a SC7620 Mini Sputter Coater System (Quo-
rum Technologies Ltd, East Sussex, UK), by scanning electron microscopy (SEM) using a
Zeiss Evo LS15 Variable Pressure Scanning Electron Microscope (Carl Zeiss Microscopy
GmbH, Oberkochen, Germany). Images were taken in triplicates at 5000X magnification to
allow a minimum of 30 fibres to be measured for their diameter.
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Ovine non-healing intra-synovial model: Surgical procedures and
macroscopic observations
The study was performed under UK Home Office license (PPL 70/6105) and with approval
from the Ethics and Welfare Committee of the Royal Veterinary College (RVC). In a validated
model [31], 8 female, skeletally mature, English mule sheep underwent tenoscopic surgery of
the digital sheath. Using a 2 mm hook knife (ECTRA II disposable triangle knife, Smith and
Nephew, UK), introduced through a proximal portal, a longitudinal surface defect (5 mm
long; 2 mm deep) was created in the deep digital flexor tendon (DDFT) within the digital
sheath, palmar to the metacarpophalangeal (MCPJ) joint in the right forelimb. The surgical
defect was created in the coronal plane of the lateral branch of the DDFT only, which has been
shown to persist over a 6 month period [31]. All surgeries were performed under general
anaesthesia induced with xylazine, ketamine, and midazolam. Anaesthesia was maintained
with ~2% isoflurane gas.
Via enlargement of the proximal portal to expose the tendon defect, eight sheep had a repair
with a 3–0 monofilament PDO control monofilament (MF) suture (PDS II, Ethicon, Johnson
and Johnson Medical, Livingston, West Lothian, UK) and a PDO electrospun (ES) suture
across the tendon injury using a simple surgeon’s knot, as shown in Fig 1. At the same time,
the palmar annular ligament was transected to allow space for the suture knots to pass within
the fetlock canal.
At 3 months, all sheep were euthanased by overdose of pentobarbitone at a dose of 1ml/kg
body mass. Necropsy was performed in all sheep according to standard protocols. During ten-
don harvest, all repairs were examined macroscopically for signs of tissue healing, residual
inflammation, knot retention, synovial fluid changes, and adhesion formation. The general
appearance of the surrounding DDFT sheath and adjacent superficial digital flexor tendon was
also recorded. Circumferential measurements proximal and distal to the MCPJ were made to
assess swelling of the tendon repair site.
Haematology and serum inflammatory markers
Blood samples for haematology testing were taken to rule out a systemic, infective or inflam-
matory response. Samples were collected from all sheep pre-surgery and 3 months post-sur-
gery. Full blood count and serum inflammatory markers (serum amyloid A and fibrinogen)
were performed by the clinical pathology laboratory at the Royal Veterinary College (RVC).
Histology
The operated lateral branch of the harvested DDFT was transected at the tendon bifurcation
and fixed in 10% formalin for 7 days. Tendon samples were then processed using a Leica
ASP300S tissue processor and embedded in paraffin wax. Using a rotary RM-2135 microtome
(Leica Microsystems Ltd, Milton Keynes, UK), 5–7 μm sections were cut and placed onto Sur-
gipath X-tra Adhesive glass slides (Leica Microsystems Ltd, Milton Keynes, UK) and stained
with haematoxylin and eosin (H&E). High magnification images (100X) were taken using a
Zeiss AX10 inverted microscope with an AxioCam HRc camera and Axiovision software
(Zeiss, Cambridge, UK) in bright field mode from 3 distinct areas or zones in the tissue sec-
tions, namely the ES, MF and NT (normal tendon) zones. ES zones refer to tissue areas found
in close proximity to fragments of the ES suture. MF zones relate to tissue areas lying immedi-
ately adjacent to the MF suture material (often removed during sectioning). NT zones refer to
sites distant to the suture implants (ES and MF) and served as an internal control group.
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Taking 6 random images per field, per sample, we used histomorphometric features
to quantify immune cell (IC) count, fibroblast cell (FC) count, and foreign body giant
cell (FBGC) count. Vascularity was evaluated semi-objectively using the following grading
system:
0 = no signs of vascularity;
1 = occasional red blood cells (RBCs) seen, or one small vessel;
2 = several groups of RBCs, or more than one small blood vessel;
3 = extensive blood vessels, one or more very large vessel(s), or many RBCs seen in the field of
view.
Fig 1. Electrospun (ES) suture and monofilament (MF) suture repair in an ovine model. A) Schematic diagram showing the transverse section of the deep digital flexor
tendon (DDFT) repair model. B) Schematic diagram showing lateral view of the defect in the DDFT repaired with the MF suture (control) and the ES suture. C) Digital
photograph showing surgical repair of the DDFT defect showing the ES suture (red arrow) and MF suture (white arrow).
https://doi.org/10.1371/journal.pone.0234982.g001
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Statistical methods
Descriptive statistics included median values and 95% confidence intervals (CI). Comparisons
between zones (ES, MF, or NT), using median values for immune cell count, fibroblast cell
count, foreign body giant cell count, and vascularity were performed. A Mann Whitney U test
was applied to determine the differences between fields (ES, MF, and NT) in the 4 categories
(IC/ FC/FBGC counts and vascularity) using Prism v7 (GraphPad, USA). The level of statisti-
cal significance was set at< 0.05.
Results
Electrospun suture morphology
Multifilament electrospun (ES) sutures made of PDO were successfully produced with the
method described above and sketched in Fig 2A and 2B. Characterisation using scanning elec-
tron microscopy (SEM) revealed the twisted multifilament structure (Fig 2D–2G), with elec-
trospun microfibers aligned in the direction of the suture. The average diameter of the suture
was 1.3 mm and the median diameter for the microfibers constituting the suture was 1.1 μm
(IQR 0.8–1.3 μm). A micro computed tomography (microCT) image of the ES suture in cross
section is shown in Fig 2G, indicating the individual filaments and the plied yarns separated by
spaces of around 20 μm in width (later referred to as inter-filament space). In comparison, the
3–0 monofilament (MF) suture, was a dense, non-porous material as shown by the SEM and
microCT images in Fig 2H and 2I, respectively. The average diameter of the MF suture was 0.3
mm.
Macroscopic observations
None of the sheep showed signs of infection or tumour at necropsy. There was no difference
in the circumference of the forelimb around the repair site (above and below the ergot) mea-
sured pre-surgery and 3 months post-surgery (see S1 Table). Macroscopic inspection of the lat-
eral branch of the deep digital flexor tendon demonstrated an absence of any surgically
induced tendon defect in all sheep, 3 months after the ES and MF suture implantation (Fig 3).
There was no visible residual polymer from either suture in any specimens, although two
sheep formed a fibrous capsule around a retained surgical knot from the ES suture (Fig 3D
and 3E). The contour of the healed tendon over the created defect was altered. A smooth yet
irregular lateral border with hyperaemia was observed in all specimens. All sheep demon-
strated a normal amount (<0.5 ml) of synovial fluid with normal appearance, mild or no adhe-
sion to the sheath and a local inflammatory reaction.
Haematology and serum inflammatory markers
Haematology testing of all sheep for full blood count (including white cell count, neutrophil
count, lymphocyte count, and red blood cell count) demonstrated no significant change.
Serum markers for inflammation (serum amyloid A and fibrinogen) did not vary at 3 months
post-surgery compared to pre-surgery levels (see S2 Table).
Tendon histology
Haematoxylin and eosin (H&E) stained sections demonstrated several key features, as shown
in Fig 4. The ES sutures represented an area of highly cellular and vascularised tissue (Fig 4B–
4D). The MF control sutures were visible in the sections of 3 of 8 specimens, and represented a
defect devoid of any cells and without any increase in vascularity. The other 5 specimens dem-
onstrated areas where the MF suture was extracted from the sample during sectioning with the
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microtome (Fig 4E). Some mild change to the tissue immediately adjacent to the MF sutures
was observed, specifically an increase in fibroblast cell count. This zone was surrounded by an
area of tissue with a normal-like tendon appearance, characterised by few, well-aligned fibro-
blast cells within a crimped extracellular matrix (Fig 5A–5C).
In both the ES and MF suture zones, FBGCs were rarely seen. A network of blood vessels
supported the tissue integrated into the ES suture only. The neovascularisation was observed
in the ES zone but not in the MF and NT zones.
As shown in Fig 5D and 5E, quantitative analysis showed that the ES zone was more vascu-
lar than the NT and MF zones (median vascularity grade ES 2.3 CI 1.5–3.0 vs MF 0.6 CI 0.2–
1.1 vs NT 0 CI 0, p< 0.00001 and p = 0.09, respectively). The median number of fibroblasts in
the ES zone (103, 95% CI 81–122) was significantly greater than in the MF zone (32, 95% CI
15–55) and NT zone (13, 95% CI 9–20, p = 0.002 and 0.001 respectively). There was no
Fig 2. Production and characterisation of electrospun (ES) suture. A) Schematic illustrating the setup for producing ES filaments (building blocks). B) Schematic of
the ES multifilament suture structure produced through the two-step twisting process. C) Digital photograph showing a complete ES suture. D-F) SEM images showing
the twisted multifilament ES suture at different magnifications: 50X (D), 250X (E) and 1000X (F). G) MicroCT image showing the cross section of the ES suture. Note
the similarity with the schematic shown in B and the spaces between filaments for potential cellular infiltration. H) SEM image of monofilament (MF) suture. I)
MicroCT image showing cross section of monofilament suture (MF).
https://doi.org/10.1371/journal.pone.0234982.g002
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difference in the median FBGC count and IC count in all three zones (Median 0, FBGCs seen
in ES, MF, and NT zones).
Adverse events
Two sheep demonstrated post-operative lameness and were euthanased at 1 month post-sur-
gery in accordance with standard protocols. This was due to irritation from the distal suture
knot (the control monofilament suture in both sheep) within the relative constricted area of
the tendon sheath at the level of the metacarpophalangeal joint fetlock canal. The MF suture
was subsequently inserted proximal to the control suture in further sheep to avoid similar
problems. All other sheep showed normal activity and behaviour and recovered uneventfully
from surgery. Two other sheep, who were active and mobile following surgery, were noted to
have a retained knot within a fibrous capsule (Fig 6A and 6B). On histology, these retained
Fig 3. Macroscopic appearance of ES suture implanted ovine tendons. Digital photograph images showing harvested tendons augmented with the ES sutures at 3
months post repair. Sheep 6459, 6462, 6463, 6464, 6465, 6466, 6496, and 6597 are shown in A-H respectively. Proximal is to the top of the image.
https://doi.org/10.1371/journal.pone.0234982.g003
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knot areas, adjacent to the healing tendon, were infiltrated with fibroblast cells (Fig 6C and
6D).
Discussion
The ES suture demonstrated both safety and efficacy in an ovine model of surgically induced
tendon injury. All tendon repairs healed on macroscopic inspection, with a mild local inflam-
matory reaction, minimal adhesions, and no excessive synovial fluid. No systemic response
Fig 4. Histological appearance of ovine ES suture implanted tendons. A) Representative histology image (H&E
stain, adapted from [31]) of cross section of DDFT tendon injury, 3 months after surgically-induced injury, showing
persistence of the lesion (�). B) Histology (H&E stain) image of cross section of DDFT, absence of defect and presence
of the ES suture (#). C-D) Histology image (H&E stain) showing zones filled with fibroblast-like cells (black ovals)
within the area of the implanted ES suture, as well as blood vessels (white ovals) at magnifications (C) 10X and (D)
100X magnification. The white arrows indicate polymer fragments resulting from the ES suture degradation. E)
Histology image (H&E stain) showing a complete circular defect in tendon left by the control suture (extracted by
microtome), lacking cellularity and vascularity. F) Histology image (H&E stain) at high magnification (100X) of a
normal tendon section showing fibroblasts sitting in a characteristic crimped extracellular matrix.
https://doi.org/10.1371/journal.pone.0234982.g004
PLOS ONE Electrospun sutures for tendon repair
PLOS ONE | https://doi.org/10.1371/journal.pone.0234982 June 26, 2020 9 / 17
was seen on haematology, serology testing, or at necropsy. Compared to the MF control, the
ES suture demonstrated significantly greater cellular infiltration and neovascularisation. In
total four adverse events were encountered. Two events were due to the distal position of a
large MF control suture knot causing local irritation within the constricted region of the ten-
don sheath, even after transection of the palmar annular ligament. Two further sheep demon-
strated a retained ES suture knot within a fibrous capsule around a healed repair, these sheep
were active and mobile without lameness.
Three months after surgical repair, the ES and MF sutures showed markedly different cellu-
lar responses on histological examination. In contrast with the MF sutures, which did not inte-
grate into the host tissue, ES sutures were completely infiltrated with predominantly
proliferative fibroblasts, and scant immune cells. It is worth noting that confirming the
Fig 5. Cellularity and vascularity of ES suture implanted tendons. A-C) Bright field microscopy images showing the ES (electrospun) zone in A, the MF (monofilament
control) zone in B, and the NT (normal tendon) zone in C. Note the high concentration of proliferative fibroblasts and the blood vessels (white arrows) seen in A. Also
note similar appearance of scant well-orientated fibroblasts and no blood vessels in MF and NT zones. D) Graph showing median fibroblast cell count in ES, MF, and NT
zones. E) Graph showing median vascularity grade in ES, MF, and NT zones. P values (Mann Whitney U test) are indicated to show the level of significance between
zones.
https://doi.org/10.1371/journal.pone.0234982.g005
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fibroblast phenotype remains challenging as distinct markers of ovine tendon fibroblasts are
lacking in the literature. However, many of the cells populating the ES suture implanted ten-
dons are large and exhibit fibroblast-like morphology. These are quite distinct from neutro-
phils, monocytes or lymphocytes which can be readily identified on H&E stained sections.
The difference in cellular infiltration between the 2 sutures was expected given the high
porosity of the ES material, estimated to be at around 70% based on previous work [32], com-
pared to the non-porous MF control (produced by melt extrusion). The role of the suture con-
figuration, i.e multifilament (ES suture) versus monofilament (MF suture), has an obvious and
important effect on tissue infiltration since the use of multiple filaments introduce porosity in
Fig 6. Explanted tendons with retained ES suture knots. A, B) Digital photographs showing retained ES suture knot (white arrows) adjacent to DDFT tendon,
encapsulated by fibrous capsule. These were observed in two sheep, which both were active and did not demonstrate any lameness postoperatively. C) Low magnification
(2.5X) bright field microscopy image of H&E stained tendon harvest sample from sheep 6464 showing retained degrading polymer (dotted white boundary), surrounded
by area of highly cellular tissue (dotted yellow boundary). D) Higher magnification (20X) bright field microscopy image of the same sample as in C, showing the degrading
ES suture material (dotted white boundary). Fibroblast-like cells seen in these areas were more aligned than in regions where the material was not visible (outside dotted
white boundary).
https://doi.org/10.1371/journal.pone.0234982.g006
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the structure. While tissue is known to easily infiltrate in commercially available multifilament
sutures [33], multifilament yarns that are too dense can prevent tissue infiltration: we have
observed in a short pilot study that highly twisted ES sutures resulted in poor tissue infiltration
compared to the looser ES sutures used in this study [34]. Our ES suture show an inter-fila-
ment space of around 20 μm in width which is suitable for cell infiltration as it is generally
acknowledge that biomaterials with pores bigger than 10 μm enable cell infiltration [35]. Based
on our previous work and the current study, we hypothesise that tissue infiltration occurs in 2
phases in the ES sutures: 1) During the first month following implantation, cells infiltrate the
inter-filament space (i.e. between individual filaments within and around the plied yarns) due
to the presence of large pores or conduits; 2) Following significant degradation of the PDO
polymer in the later months, further cell infiltration occurs to occupy the space freed by the
material. This is estimated to happen progressively between 1 to 5 months for the ES suture,
with the suture fully degraded by 5 months [28]. For the MF control suture, tissue infiltration
can only happen beyond 3 months, when the materials start to degrade significantly [36]. In
this study, we observed an advanced state of degradation of the ES sutures at 3 months as poly-
mer fragments could be seen in the tissue sections, while most of the MF suture material was
still present (although if often detached during sectioning, leaving distinct gaps in the tissue).
A faster degradation of the ES suture was expected compared to extruded MF sutures as they
present a much larger surface to volume ratio, exposing the materials to more body fluid and
therefore accelerating the hydrolytic degradation process [28, 37]. Other groups have shown
similar cellular infiltration with a twisted electrospun polycarpolactone yarn to repair flexor
digitorum longus tendon defect in a murine model [27], and an electrospun poly lactic-co-gly-
colic acid (PLGA) scaffold in an infraspinatus repair model in rats [38].
In the current study, we observed very few foreign body giant cells (FGBCs) around both
ES and MF sutures at 3 months. Given the single time point, we do not know if FBGCs were
present prior to the 3 month time point. However, in our previous study looking at the
implantation of ES sutures in Lewis rats, we showed that FGBCs appear by week 6, and resolve
to negligible levels by week 12 [28]. Using a different model, Kalfa and co-authors also showed
a peak of FGBCs at 1 month in response to an electrospun PDO patch, that resolves completely
by 3 months [39].
Accompanying cellular infiltration, the ES sutures supported a significant number of new
blood vessels in the new tissue formed at the site of implantation. Tissue adjacent to the MF
control did not demonstrate a significant rise in blood vessels compared to the normal tendon
zones. Therefore, the increased vascularity in ES zones was determined to be due to inherent
bioactivity rather than a reaction to the injury induced by implantation of a foreign material.
Other studies have commented on neovascularisation in tendon repair after implantation of
electrospun polymer tubes [40, 41], or electrospun collagen scaffolds [42]. One study made a
comment of “vascular formation in the mid substance” of an implanted electrospun PLGA
scaffold in tendon repair, but this was not quantified [38]. By contrast several studies have not
shown any neovascularisation within electrospun scaffolds used in tendon repair, even when
additional growth factors are loaded onto the scaffolds [27, 43]. Several other studies have
applied electrospun scaffolds in other tissue types, including as vascular grafts, and demon-
strated neovascularisation [44–46]. Other research groups have successfully stimulated neovas-
cularisation by the addition of cytokines, growth factors, and stem cells to electrospun
scaffolds [40, 47, 48].
At 3 months post repair, we noted a widening of the tendon contour reflecting a fibrous
capsule surrounding a retained ES knot in 2 sheep. The ES sutures used in this study were of
large diameter (1.3 mm), as these are intended for tendon repair in humans. Our model
involved repair of a longitudinal defect in the deep digital flexor tendon, which is confined in a
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sheath and surrounded by synovial fluid. Whilst this made for an ideal model to investigate
tendon repair as it is analogous to human disease where defects fail to heal without adequate
intervention, it also meant that the ES suture, in its current form, may be too wide for this par-
ticular application in sheep. Histology of these two specimens showed that even the retained
knot was heavily infiltrated with fibroblast cells and some foreign body giant cells.
The strength of this study is that we used a non-healing model of tendon injury in a large
animal to assess efficacy [31]. No other small or large animal models of tendon injury has been
developed to create an injury that consistently fails to heal without intervention. We acknowl-
edge that we prioritised this aspect over biomechanical considerations, limiting our ability
to comment on the mechanical performance potential of the ES suture. Unfortunately, non-
healing models of tendon injury that offer a more mechanically relevant model of injury, e.g.
involving loading perpendicularly to the injury, are not yet available. Moreover, we have not
performed mechanical testing of the healed lesion because the primary purpose of the study was
to investigate tissue response with histology. According to the literature, polydioxanone MF
sutures retain about 50% of their original tensile strength after 6 weeks in vivo, 13% after 8
weeks and are absorbed in about 6 months [49, 50]. A similar decrease in strength was observed
for our ES sutures incubated in phosphate buffer saline solution in previous in vitro work [28].
In vivo, while the degradation of ES sutures is expected to be faster (as mentioned earlier), the
loss in mechanical properties is however predicted to be progressively compensated by the new
tissue formed at the site of implantation [51]. Such advantage is not anticipated in MF sutures,
at least within the first 3 months, as these do not allow for cell infiltration in that period of time.
Another limitation in this study was the single time point for tissue analysis, meaning that it
was not possible to determine temporal changes of the repaired tendon. Our previous study
conducted in rats, did show cellular infiltration of tendon fibroblasts from week 1 to 20 post
repair, as well as a transient FBGC response that peaks at week 4 and resolves to negligible levels
by week 12 [28] which is likely to explain the lack of FBGC seen histologically in this study. A
further limitation is that we selected PDS II sutures (extruded monofilaments) as our control.
Sutures typically used in tendon repair are extruded multifilament yarns made of non-absorb-
able materials such as polyethylene terephthalate (e.g. Ethibond) or ultra-high molecular weight
polyethylene (e.g. FiberWire1). While PDS II sutures are not available in a multifilament con-
figuration, they are made of the same polymer (polydioxanone) as our ES suture. Given the pro-
found impact of the chemistry of materials on the local tissue response, we believe PDS II
sutures were a better control for this work. As mentioned earlier, there was also a large differ-
ence in diameter between the 3–0 control suture (0.3 mm) and the ES sutures (1.3 mm). We
selected 3–0 sutures because they have a comparable strength to the ES sutures: their breaking
force is reported to be around 50N [29, 30], which matches our ES sutures (unpublished data).
The larger resulting diameter for the ES suture is a necessary compromise to achieve a highly
porous structure that enables cell infiltration, while permitting effective surgical use without
breakage. Finally, we were not able to comment upon the phenotypes of immune cells populat-
ing the implanted ovine tendons in this study. We extensively tested a panel of immune cell
markers routinely used to characterise equivalent human cells, and found that these antibodies
do not cross react with ovine proteins. We were unable to source commercially available anti-
bodies for immune cell markers that cross-reacted with ovine tissues.
Conclusions
The electrospun suture induced a tissue response predominantly involving tendon fibroblast-
like cells at 3 months. We observed tendon repair in the non-healing intra-synovial ovine
model with no evidence of abnormal local or systemic response.
PLOS ONE Electrospun sutures for tendon repair




S1 Table. Results of circumference measurements (in cm) of the right forelimb of the
sheep taken above and below the ergot pre-surgery and pre-necropsy, 3 months post-sur-
gery.
(DOCX)
S2 Table. Results of full blood count and serum inflammatory markers taken pre-surgery
and pre-necropsy, 3 months post-surgery. WBC: White Blood Cells, Neut: Neutrophils,
Lymph: Lymphocytes, RBC: Red Blood Cells.
(DOCX)
Author Contributions
Conceptualization: Jayesh Dudhia, Stephanie G. Dakin, Roger Smith, Andrew J. Carr.
Data curation: Mustafa Rashid.
Formal analysis: Stephanie G. Dakin.
Funding acquisition: Pierre-Alexis Mouthuy, Andrew J. Carr.
Investigation: Mustafa Rashid, Stephanie G. Dakin, Roger Smith, Andrew J. Carr.
Methodology: Mustafa Rashid, Jayesh Dudhia, Stephanie G. Dakin, Sarah Snelling, Antonina
Lach, Roberta De Godoy, Roger Smith, Andrew J. Carr.
Resources: Andrew J. Carr.
Supervision: Jayesh Dudhia, Stephanie G. Dakin, Sarah Snelling, Roberta De Godoy, Pierre-
Alexis Mouthuy, Roger Smith, Andrew J. Carr.
Writing – original draft: Mustafa Rashid.
Writing – review & editing: Mustafa Rashid, Jayesh Dudhia, Stephanie G. Dakin, Sarah Snel-
ling, Pierre-Alexis Mouthuy, Roger Smith, Mark Morrey, Andrew J. Carr.
References
1. Tempelhof SR, Stefan; Seil, Romain. Age-related prevalence of rotator cuff tears in asymptomatic
shoulders. Journal of Shoulder and Elbow Surgery. 1999; 8(4):296–9. https://doi.org/10.1016/s1058-
2746(99)90148-9 PMID: 10471998
2. Kukkonen J, Joukainen A, Lehtinen J, Mattila KT, Tuominen EK, Kauko T, et al. Treatment of Nontrau-
matic Rotator Cuff Tears: A Randomized Controlled Trial with Two Years of Clinical and Imaging Fol-
low-up. J Bone Joint Surg Am. 2015; 97(21):1729–37. https://doi.org/10.2106/JBJS.N.01051 PMID:
26537160
3. NHS. Hospital Admitted Patient Care Activity, 2015–2016 [National statistics]. Hospital Episodes Statis-
tics Online. 2016 [Available from: https://digital.nhs.uk/data-and-information/publications/statistical/
hospital-admitted-patient-care-activity/2015-16.
4. Debeyre J PD, Elmelik E. Repair of ruptures of the rotator cuff of the shoulder. Journal of Bone and
Joint Surgery. 1965; 47-B(1):36–42.
5. Abdelshahed M, Mahure SA, Kaplan DJ, Mollon B, Zuckerman JD, Kwon YW, et al. Arthroscopic Rota-
tor Cuff Repair: Double-Row Transosseous Equivalent Suture Bridge Technique. Arthrosc Tech. 2016;
5(6):e1297–e304. https://doi.org/10.1016/j.eats.2016.07.022 PMID: 28149729
6. Davidson J, Burkhart SS. The geometric classification of rotator cuff tears: a system linking tear pattern
to treatment and prognosis. Arthroscopy. 2010; 26(3):417–24. https://doi.org/10.1016/j.arthro.2009.07.
009 PMID: 20206053
PLOS ONE Electrospun sutures for tendon repair
PLOS ONE | https://doi.org/10.1371/journal.pone.0234982 June 26, 2020 14 / 17
7. Hantes ME, Ono Y, Raoulis VA, Doxariotis N, Venouziou A, Zibis A, et al. Arthroscopic Single-Row Ver-
sus Double-Row Suture Bridge Technique for Rotator Cuff Tears in Patients Younger Than 55 Years: A
Prospective Comparative Study. Am J Sports Med. 2017:363546517728718.
8. Sano H, Hatta T, Yamamoto N, Itoi E. Stress distribution within rotator cuff tendons with a crescent-
shaped and an L-shaped tear. Am J Sports Med. 2013; 41(10):2262–9. https://doi.org/10.1177/
0363546513497565 PMID: 23907331
9. Noyes MP, Ladermann A, Denard PJ. Functional Outcome and Healing of Large and Massive Rotator
Cuff Tears Repaired With a Load-Sharing Rip-Stop Construct. Arthroscopy. 2017; 33(9):1654–8.
https://doi.org/10.1016/j.arthro.2017.04.003 PMID: 28624239
10. Rashid MS, Cooper C, Cook J, Cooper D, Dakin SG, Snelling S, et al. Increasing age and tear size
reduce rotator cuff repair healing rate at 1 year. Acta Orthop. 2017:1–6.
11. Carr A, Cooper C, Campbell MK, Rees J, Moser J, Beard DJ, et al. Effectiveness of open and arthro-
scopic rotator cuff repair (UKUFF): a randomised controlled trial. Bone Joint J. 2017; 99-b(1):107–15.
https://doi.org/10.1302/0301-620X.99B1.BJJ-2016-0424.R1 PMID: 28053265
12. Yang J Jr., Robbins M, Reilly J, Maerz T, Anderson K. The Clinical Effect of a Rotator Cuff Retear: A
Meta-analysis of Arthroscopic Single-Row and Double-Row Repairs. Am J Sports Med. 2017; 45
(3):733–41. https://doi.org/10.1177/0363546516652900 PMID: 27416991
13. Maguire M, Goldberg J, Bokor D, Bertollo N, Pelletier MH, Harper W, et al. Biomechanical evaluation of
four different transosseous-equivalent/suture bridge rotator cuff repairs. Knee Surg Sports Traumatol
Arthrosc. 2011; 19(9):1582–7. https://doi.org/10.1007/s00167-011-1436-x PMID: 21347775
14. Miller T FJ, Craw J, Litsky A, Flanigan D. Evaluation of High-Strength Orthopedic Sutures: A Head-to-
Head Comparison. Orthopaedics. 2010; 33(9):674.
15. Halder A ZM, Schultz F, An KN. Mechanical properties of the posterior rotator cuff. Clinical Biomechan-
ics. 2000; 15:456–62. https://doi.org/10.1016/s0268-0033(99)00095-9 PMID: 10771125
16. Leger St-Jean B, Menard J, Hinse S, Petit Y, Rouleau DM, Beauchamp M. Braided tape suture provides
superior bone pull-through strength than wire suture in greater tuberosity of the humerus. J Orthop.
2015; 12(Suppl 1):S14–7. https://doi.org/10.1016/j.jor.2015.01.025 PMID: 26719623
17. Mantovani M, Pellegrini A, Garofalo P, Baudi P. A 3D finite element model for geometrical and mechani-
cal comparison of different supraspinatus repair techniques. J Shoulder Elbow Surg. 2016; 25(4):557–
63. https://doi.org/10.1016/j.jse.2015.09.002 PMID: 26652702
18. Burkhart SS, Denard PJ, Konicek J, Hanypsiak BT. Biomechanical validation of load-sharing rip-stop
fixation for the repair of tissue-deficient rotator cuff tears. Am J Sports Med. 2014; 42(2):457–62. https://
doi.org/10.1177/0363546513516602 PMID: 24375848
19. Deranlot J, Maurel N, Diop A, Pratlong N, Roche L, Tiemtore R, et al. Abrasive properties of braided
polyblend sutures in cuff tendon repair: an in vitro biomechanical study exploring regular and tape
sutures. Arthroscopy. 2014; 30(12):1569–73. https://doi.org/10.1016/j.arthro.2014.06.018 PMID:
25150407
20. De Carli A, Lanzetti RM, Monaco E, Labianca L, Mossa L, Ferretti A. The failure mode of two reabsorb-
able fixation systems: Swivelock with Fibertape versus Bio-Corkscrew with Fiberwire in bovine rotator
cuff. J Orthop Sci. 2012; 17(6):789–95. https://doi.org/10.1007/s00776-012-0275-z PMID: 22918616
21. Ying ZM, Lin T, Yan SG. Arthroscopic single-row versus double-row technique for repairing rotator cuff
tears: a systematic review and meta-analysis. Orthop Surg. 2014; 6(4):300–12. https://doi.org/10.1111/
os.12139 PMID: 25430714
22. Lapner PL, Sabri E, Rakhra K, McRae S, Leiter J, Bell K, et al. A multicenter randomized controlled trial
comparing single-row with double-row fixation in arthroscopic rotator cuff repair. J Bone Joint Surg Am.
2012; 94(14):1249–57. https://doi.org/10.2106/JBJS.K.00999 PMID: 22810395
23. Burks RT, Crim J, Brown N, Fink B, Greis PE. A prospective randomized clinical trial comparing arthro-
scopic single- and double-row rotator cuff repair: magnetic resonance imaging and early clinical evalua-
tion. Am J Sports Med. 2009; 37(4):674–82. https://doi.org/10.1177/0363546508328115 PMID:
19204365
24. Cummins CA, Murrell GA. Mode of failure for rotator cuff repair with suture anchors identified at revision
surgery. J Shoulder Elbow Surg. 2003; 12(2):128–33. https://doi.org/10.1067/mse.2003.21 PMID:
12700563
25. Cho NS, Yi JW, Lee BG, Rhee YG. Retear patterns after arthroscopic rotator cuff repair: single-row ver-
sus suture bridge technique. Am J Sports Med. 2010; 38(4):664–71. https://doi.org/10.1177/
0363546509350081 PMID: 20040768
26. Williams JF, Patel SS, Baker DK, Schwertz JM, McGwin G, Ponce BA. Abrasiveness of high-strength
sutures used in rotator cuff surgery: are they all the same? J Shoulder Elbow Surg. 2016; 25(1):142–8.
https://doi.org/10.1016/j.jse.2015.07.018 PMID: 26422528
PLOS ONE Electrospun sutures for tendon repair
PLOS ONE | https://doi.org/10.1371/journal.pone.0234982 June 26, 2020 15 / 17
27. Bhaskar P, Bosworth LA, Wong R, O’Brien M A, Kriel H, Smit E, et al. Cell response to sterilized electro-
spun poly(varepsilon-caprolactone) scaffolds to aid tendon regeneration in vivo. J Biomed Mater Res A.
2017; 105(2):389–97. https://doi.org/10.1002/jbm.a.35911 PMID: 27649836
28. Mouthuy PA, Zargar N, Hakimi O, Lostis E, Carr A. Fabrication of continuous electrospun filaments with
potential for use as medical fibres. Biofabrication. 2015; 7(2):025006. https://doi.org/10.1088/1758-
5090/7/2/025006 PMID: 25987265
29. Rothrauff BB, Lauro BB, Yang G, Debski RE, Musahl V, Tuan RS. Braided and Stacked Electrospun
Nanofibrous Scaffolds for Tendon and Ligament Tissue Engineering. Tissue Eng Part A. 2017; 23(9–
10):378–89. https://doi.org/10.1089/ten.TEA.2016.0319 PMID: 28071988
30. Kendal A, Snelling S, Dakin S, Stace E, Mouthuy PA, Carr A. Resorbable electrospun polydioxanone
fibres modify the behaviour of cells from both healthy and diseased human tendons. Eur Cell Mater
[Internet]. 2017 2017/02//; 33:[169–82 pp.]. Available from: http://europepmc.org/abstract/MED/
28266691 https://doi.org/10.22203/eCM.v033a13.
31. Khan MR, Dudhia J, David FH, De Godoy R, Mehra V, Hughes G, et al. Bone marrow mesenchymal
stem cells do not enhance intra-synovial tendon healing despite engraftment and homing to niches with
the synovium. Stem Cell Research & Therapy. 2018; 9(1):169.
32. Abhari RE, Mouthuy PA, Vernet A, Schneider JE, Brown CP, Carr AJ. Using an industrial braiding
machine to upscale the production and modulate the design of electrospun medical yarns. Polymer
Testing. 2018; 69:188–98.
33. Setzen G, Williams EF 3rd. Tissue response to suture materials implanted subcutaneously in a rabbit
model. Plastic and reconstructive surgery. 1997; 100(7):1788–95. https://doi.org/10.1097/00006534-
199712000-00023 PMID: 9393477
34. Abhari RE, Carr AJ, Mouthuy P-A. 15—Multifilament electrospun scaffolds for soft tissue reconstruc-
tion. In: Guarino V, Ambrosio L, editors. Electrofluidodynamic Technologies (EFDTs) for Biomaterials
and Medical Devices: Woodhead Publishing; 2018. p. 295–328.
35. Kane JB, Tompkins RG, Yarmush ML, Burk JF. Burn dressings. In: Ratner BD, Hoffman AS, Schoen
FJ, Lemens JE, editors. Biomaterial Science. San Diego: Academic Press; 1996. p. 360–70.
36. Hakimi O, Mouthuy PA, Zargar N, Lostis E, Morrey M, Carr A. A layered electrospun and woven surgical
scaffold to enhance endogenous tendon repair. Acta biomaterialia. 2015; 26:124–35. https://doi.org/10.
1016/j.actbio.2015.08.007 PMID: 26275911
37. Degradation Behaviors of Electrospun Resorbable Polyester Nanofibers. Tissue Engineering Part B:
Reviews. 2009; 15(3):333–51.
38. Inui A, Kokubu T, Mifune Y, Sakata R, Nishimoto H, Nishida K, et al. Regeneration of rotator cuff tear
using electrospun poly(d,l-Lactide-Co-Glycolide) scaffolds in a rabbit model. Arthroscopy. 2012; 28
(12):1790–9. https://doi.org/10.1016/j.arthro.2012.05.887 PMID: 23058811
39. Kalfa D, Bel A, Chen-Tournoux A, Della Martina A, Rochereau P, Coz C, et al. A polydioxanone electro-
spun valved patch to replace the right ventricular outflow tract in a growing lamb model. Biomaterials.
2010; 31(14):4056–63. https://doi.org/10.1016/j.biomaterials.2010.01.135 PMID: 20181391
40. Evrova O, Houska J, Welti M, Bonavoglia E, Calcagni M, Giovanoli P, et al. Bioactive, Elastic, and Bio-
degradable Emulsion Electrospun DegraPol Tube Delivering PDGF-BB for Tendon Rupture Repair.
Macromol Biosci. 2016; 16(7):1048–63. https://doi.org/10.1002/mabi.201500455 PMID: 27071839
41. Liu S, Chen H, Wu T, Pan G, Fan C, Xu Y, et al. Macrophage infiltration of electrospun polyester fibers.
Biomater Sci. 2017; 5(8):1579–87. https://doi.org/10.1039/c6bm00958a PMID: 28225101
42. Oryan A, Moshiri A, Parizi Meimandi A, Silver IA. A long-term in vivo investigation on the effects of xeno-
genous based, electrospun, collagen implants on the healing of experimentally-induced large tendon
defects. J Musculoskelet Neuronal Interact. 2013; 13(3):353–67. PMID: 23989257
43. Zhao S, Dong S, Huangfu X, Li B, Yang H, Zhao J, et al. Biological augmentation of rotator cuff repair
using bFGF-loaded electrospun poly(lactide-co-glycolide) fibrous membranes. International journal of
nanomedicine. 2014; 9:2373–85. https://doi.org/10.2147/IJN.S59536 PMID: 24868155
44. McKeon-Fischer KD, Rossmeisl JH, Whittington AR, Freeman JW. In vivo skeletal muscle biocompati-
bility of composite, coaxial electrospun, and microfibrous scaffolds. Tissue Eng Part A. 2014; 20(13–
14):1961–70. https://doi.org/10.1089/ten.TEA.2013.0283 PMID: 24471815
45. Pan Y, Zhou X, Wei Y, Zhang Q, Wang T, Zhu M, et al. Small-diameter hybrid vascular grafts composed
of polycaprolactone and polydioxanone fibers. Sci Rep. 2017; 7(1):3615. https://doi.org/10.1038/
s41598-017-03851-1 PMID: 28620160
46. Wang K, Zheng W, Pan Y, Ma S, Guan Y, Liu R, et al. Three-Layered PCL Grafts Promoted Vascular
Regeneration in a Rabbit Carotid Artery Model. Macromol Biosci. 2016; 16(4):608–18. https://doi.org/
10.1002/mabi.201500355 PMID: 26756321
PLOS ONE Electrospun sutures for tendon repair
PLOS ONE | https://doi.org/10.1371/journal.pone.0234982 June 26, 2020 16 / 17
47. Seo YK, Kim JH, Eo SR. Co-effect of silk and amniotic membrane for tendon repair. J Biomater Sci
Polym Ed. 2016; 27(12):1232–47. https://doi.org/10.1080/09205063.2016.1188349 PMID: 27188627
48. Gigliobianco G, Chong CK, MacNeil S. Simple surface coating of electrospun poly-L-lactic acid scaf-
folds to induce angiogenesis. J Biomater Appl. 2015; 30(1):50–60. https://doi.org/10.1177/
0885328215569891 PMID: 25652887
49. Ray JA, Doddi N, Regula D, Williams JA, Melveger A. Polydioxanone (PDS), a novel monofilament syn-
thetic absorbable suture. Surgery, gynecology & obstetrics. 1981; 153(4):497–507.
50. Bourne RB, Bitar H, Andreae PR, Martin LM, Finlay JB, Marquis F. In-vivo comparison of four absorb-
able sutures: Vicryl, Dexon Plus, Maxon and PDS. Canadian journal of surgery Journal canadien de
chirurgie. 1988; 31(1):43–5. PMID: 2827875
51. Hong Y, Huber A, Takanari K, Amoroso NJ, Hashizume R, Badylak SF, et al. Mechanical properties
and in vivo behavior of a biodegradable synthetic polymer microfiber-extracellular matrix hydrogel bio-
hybrid scaffold. Biomaterials. 2011; 32(13):3387–94. https://doi.org/10.1016/j.biomaterials.2011.01.
025 PMID: 21303718
PLOS ONE Electrospun sutures for tendon repair
PLOS ONE | https://doi.org/10.1371/journal.pone.0234982 June 26, 2020 17 / 17
